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Abstract 
Thermal infrared (TIR) satellite images are of great interest in many remote sensing applications. However, owing to 
well-known physical reasons and technical limitations, the TIR band has a spatial resolution that is coarser than the 
other multispectral bands for a given satellite sensor, i.e. visible and shortwave IR. Although the correlation 
coefficient between the TIR band and the other spectral bands is relatively small, the spatial cross-correlation shows a 
pattern of joint variability. In this fact, and in the spatial correlation of each spectral band, reside the fundamentals of 
image fusion by cokriging. A method is showed here for obtaining TIR images with enhanced spatial resolution using 
the TIR band and one or more spectral bands of the same scene and better spatial resolution. The technique is 
illustrated with a Landsat 7 ETM+ image. The high resolution TIR image has perfect coherence, if the cokriged 
image is degraded to its original resolution the degraded image is identical to the original and  values of ERGAS 
(Erreur Relative Globale Adimensionnelle de Synthèse) and average Q (Image Quality Index) equal to 0.220 and 
0.986 respectively were obtained. 
© 2010 Published by Elsevier Ltd. 
Selection and/or peer-review under responsibility of [name organizer] 
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1. Introduction
Thermal infrared (TIR) remote sensing maps the Earth-emitted radiation in the range 8 to 15 ȝm, while
the solar reflective energy for that spectral range is, in general, negligible. The energy emitted by the earth 
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is related to the temperature and emissivity of the objects or materials on the ground. The TIR band 
registers a range of wavelengths with lower energy content than the other remote sensing spectral bands, 
implying that a TIR image has a coarser spatial resolution. For instance, the TIR band (or band 6) of the 
ETM+ satellite sensor has a spatial resolution of 60 m,  whereas the other 6 multispectral bands (bands 1, 
2, 3, 4, 5 and 7) have a spatial resolution of 30 m and the panchromatic band (or band 8) has a spatial 
resolution of 15 m. Thus, a logical aim of image processing is to devise methods for generating merged 
TIR images with better spatial resolution while preserving the spectral content of the image. Many 
methods have been proposed for obtaining the high spatial resolution fused image, but here we consider 
the application of the geostatistical method of multivariate spatial prediction known as cokriging. 
 
It has been previously acknowledged that the correlation coefficient between the TIR band and the 
other spectral bands may be considered low if compared with the correlation coefficient among the other 
spectral bands. However, it may be shown that there is a clear pattern of joint variability between the TIR 
band and the other spectral bands as shown by statistical functions that measure joint variability in terms 
of the cross-semivariogram. This function makes cokriging successful in incorporating, into the merged 
TIR image, only the spatial detail from the high spatial resolution bands. This can be justified by the 
statistical evidence of experimental cross-covariances and direct covariances (or, equivalently, under the 
second-order stationary hypothesis, by the cross-semivariograms and direct semivariograms). 
 
The purpose of this paper is to show the application and the results of cokriging in the context of 
merging visible and thermal images. The cokriging methodology for image fusion is briefly presented 
below.  
2. Image fusion by cokriging 
The high spatial resolution cokriged image can be expressed as a linear combination of empirical 
images (i.e., the images provided by the satellite sensor):   
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Where: Z: value which represents the DN of a satellite image, and it is modeled as a random variable at 
a particular spatial location, and as a random function when all the locations of the scene 2x   are 
considered. The superscript of Z indicates the spectral band. The subscript of Z indicates the pixel size. 
The circumflex sign on Z indicates that the image has been predicted by Cokriging. M: number of 
experimental images used in Cokriging. For each image, j represents the number of neighbor pixels used 
in Cokriging. Typically this number will be 9 (3x3 neighborhood), 25 (5x5) and 49 (7x7). Obviously, 
other neighborhoods are possible. ( )j
j
k
uZ x : Experimental images for the spectral bands kj with pixel size 
(spatial resolution) uj, respectively. 0jiO : Optimal weight applied to the DN of pixel ( )jjku iZ x   in the 
estimation of the DN of pixel 0
0 0
( )kuZ x . These weights are obtained by solving the so-called Cokriging 
system. The resolution of the cokriging system requires several covariances and cross covariances, some 
of which are not empirically accessible from the pixel values of the images. A further explanation about 
the resolution of the cokriging system and the evaluation of the method’s quality can be seen in [1-3]. 
 
The DCK method has been selected for this application due to the fact that it presents the following 
advantages:  
• It enables the merging of image data from sensors of different spatial resolutions. 
• It can be applied to individual bands. 
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• It explicitly takes into account the spatial correlation of each band and the cross-correlation of 
each pair of bands. 
• It considers pixel size and the Point Spread Function (PSF) of the sensor.  
• It is consistent, if the high resolution image obtained through fusion is degraded by using the 
Point Spread Function of the sensor, an image is obtained which is identical to the experimental one 
obtained by the sensor.  
• It can include topographic maps, thematic maps, as well as sparse experimental data in the 
estimation. 
3. Case study 
The aim of this case study is to obtain a TIR image (in DN values) with spatial resolution of 30 m by 
cokriging. The study area basically coincides with a small region called “Vega de Granada” located in 
Granada, South of Spain. This region corresponds to path 200 row 34 of the Landsat Worldwide 
Reference System (WRS).  
 
A sector of the Landsat 7 ETM+ scene of 1024x1024 (considering a pixel size of 30m) was selected for 
the analysis. The coordinates of the sector corners are comprised between latitudes 37.357136 N and 
37.036734 N and longitudes 3.843366 W and 3.562755 W. The imagery, which was taken on 20th July 
2002, comprises the multispectral bands 1, 2, 3, 4, 5 and 7; the thermal band 6 (TIR band) and the 
panchromatic band (band 8). Bands 1 to 5 and 7 have a spatial resolution of 30 m, the TIR band has a 
spatial resolution of 60 m and the panchromatic band (PAN band or band 8) has a spatial resolution of 15 
m.  
  
In principle all the spectral bands can be used in cokriging but, as it occurs in multiple regression, 
increasing the number of predictors does not necessarily imply an improvement in the prediction. This is 
because a predictor can have a small correlation with the dependent variable, or, two predictors may be 
highly correlated and therefore provide redundant information. Given these considerations, band 1 is not 
being used in the enhancement of the TIR image. The band 1 image is the farthest image from the TIR 
image in wavelength distance, and thus is the one with the lowest correlation coefficient. Likewise, 
spectral bands 2, 3 and 4 are discarded because their spectral information is redundant with respect to the 
panchromatic band (band 8, which additionally has a better spatial resolution). Band 7 was selected to be 
used in image fusion as it presented a higher correlation coefficient with the thermal band. 
 
The experimental semivariogram of the TIR band is shown in Fig 1A; Fig 1B represents the 
semivariogram of the band 7; and Fig 1C represents the cross-semivariogram between the TIR band and 
the band 7.   
 
By applying a deconvolution-convolution procedure [1, 2] the models of point covariance and point 
cross-covariance (or point semivariograms and point cross-semivariograms) have been calculated. The 
linear coregionalization model [4] is adopted, in which the same basic cross-semivariogram structures are 
used for modeling each semivariogram. The experimental semivariograms were modeled as a composite 
semivariogram with two basic structures. The first one is an exponential structure with a range of 30 and 
150 m for band 7 and thermal band, respectively (practical ranges 90 and 450 m). And there is a second 
exponential structure with a range of 300 m (thus practical range of 900 m): 
 
1 1 1 1 2 2 2 2( ) Exp( ; , , ) Exp( ; , , )
kl kl klb h a c d b h a c dJ xx  h  2 
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Where: Exp( ; , , )i i ih a c d : Exponential semivariogram (for k = l) or cross-semivariogram (for k  l) with 
range ai, anisotropy angle ci and anisotropy ratio di. Hence, ai is the long axis of the anisotropy ellipse 
which forms an angle ci with the X axis measured counterclockwise from the X axis. The minor axis is 
perpendicular to the major axis and of length ai/di. If di is 1 the structure is isotropic. bikl is the linear 
coregionalization coefficient (sill or partial variance) of the i-thm structure for the semivariogram between 
bands k and l. The following equations show the punctual variograms of TIR band (Eq. 3) and ETM7 (Eq. 
4) and the punctual cross-variogram between TIR and ETM7 band (Eq. 5). 
 
66 ( ) 15Exp( ;150,0,1) 73Exp( ;300,0,1)h hJ xx  h  3  
77 ( ) 956Exp( ;30,0,1) 1191Exp( ;300,0,1)h hJ xx  h  4  
67 ( ) 190Exp( ;300,0,1)hJ xx  h  5  
 
Covariance 67 ( )VuC s  is obtained by means of the deconvolution of these punctual cross-variograms by 
means of a relation of linear systems [1, 2]: 
 
67 67( ) ( ) ( ) ( )Vu V uC C h hxx   s s s s  6 
 
Fig 1. A: Semivariogram of the raw TIR image. B: Semivariogram of Band 7. C: Cross-semivariogram between 
the TIR and the Band 7. In all the figures distance is in meters and semivariogram in squared DN. 
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This covariance, together with the experimental covariance 67ˆ ( )VuC s  is represented as a semivariogram 
in Fig 1C. Direct variograms of the TIR and ETM-5 bands for both images are shown in Fig 1A and 1B. 
A detail of the predicted cokriged TIR image using bands 6 and 7 and the raw TIR image is shown in Fig 
2A and 2B, respectively. Regarding the aforementioned figures, the high resolution image obtained can be 
evaluated in terms of visual quality. The high-resolution thermal image obtained through the cokriging 
method is identical to the abovesaid image regarding tone, contrast and saturation. This proves no 
artefacts are brought in the estimation of the image digital levels. However, the cokriging method 
achieves a better spatial detail and gives rise to sharp images, reflected most notably in the contours of the 
structures presented in images. 
Fig 2. A: The cokriged TIR image with pixel size of 30 m in length using bands 6 (TIR) and 7. B: Original coarse 
resolution TIR image. The colder and warmer colors represent the higher and lower ND values respectively. 
 
 In order to quantify the spectral quality of the resultant image the ERGAS index [5] and the Q index 
[6] were calculated. Low ERGAS values and high Q indexes are indicative of merged images of good 
quality, in a hypothetical case; an optimal result of the fusion process would yield ERGAS and Q values 
equal to 0 and 1, respectively. For this case study, values of ERGAS and average Q equal to 0.220 and 
0.986 respectively were obtained. However, following Wald et al. [7], several statistical assessments can 
be done with the cokriged image. One entails the aforesaid coherence property. Additionally, from a 
statistical point of view, a smaller pixel size implies: 
• The mean is kept constant. 
• The variance increases. 
• The histogram has a similar form but with greater variance (thicker tails). 
• The semivariogram is less continuous. 
 
The first three items may be verified from Table 1. With respect to the comparison of semivariograms, 
figure 1D clearly shows that the cokriged image is less continuous as it should be expected from a 
theoretical point of view, presenting a higher spatial variability than the raw TIR image due to the 
decrease in pixel size. 
 
Table 1. Statistics of the original coarse resolution TIR image and the fine spatial resolution TIR images predicted by 
cokriging. DN: digital number. 
Band Resolution DN (Mean) DN (variance) DN (minimum) DN (maximum) 
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g ( )
TIR 60 m 196.79 148.60 154 238 
TIR (ck) 30 m 196.81 151.04 153 242 
4. Conclusions 
Cokriging is a practical and statistically sound method for increasing the spatial resolution of coarse 
spatial resolution bands by using the coarse band of interest and other spectral bands with better spatial 
resolution. This is a special case of image fusion for image enhancement or downscaling. Although 
cokriging has been presented elsewhere, here we have presented the special case of downscaling the TIR 
image, which has a low cross-correlation with the other spectral bands of the same satellite image. 
Nevertheless, cokriging uses the autocorrelation of the images as well as the cross-correlation between 
images in such a way that only the spatial detail consistent with the experimental correlation is included in 
the fused image. It has been shown how the final cokriged TIR image is consistent with all the statistical 
requirements expected from the adopted model using random functions and pixel support (i.e. pixel size). 
Moreover, the high resolution cokriged images have perfect coherence.  
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